With the growing economy of India, banking sector growth has led to installation of thousands of Automatic Teller Machines (ATMs) throughout the country. ATMs provide 24 × 7 services as well as operate at low-temperature ranges of cooling, hence have high operating energy costs. Insulating an ATM's envelope is not a prevalent technique in India. In the present study, an effort has been made to determine the optimum insulation thickness for three different insulation materials for the typical ATM envelope in four different climatic zones of India. Life cycle savings and payback periods for various insulation materials are also evaluated. Further, these optimally insulated ATM envelopes can be integrated with grid connected rooftop solar PV systems. The energy saving and emissions reduction potential due to these two interventions have been estimated on the national basis. Altogether in the four selected climate zones, energy saving of 17% -30% provides the annual economic benefit of Indian National Rupees (Rs.) 3570 million with annual carbon reduction potential of about 0.60 million tCO 2 . From this study, it is observed that properly insulated ATMs integrated with rooftop solar PV systems, can significantly reduce the energy costs as well as carbon emissions in India's context.
Introduction
Rapid population growth, urbanization and quality of life improvement in India have led to a substantial increase in energy demand outstripping the supply. Energy supply is very capital intensive and therefore energy saving is essential for bridging the supply-demand gap. In India, four sectors that have major energy consumption are industry, transportation, building and agriculture. Building construction in India is estimated to grow at a rate of 6.6% per year in the next two decades [1] . In India, primary electricity consumption in commercial buildings is reported as around 8% [2] and more than half of this usage is utilized in HVAC. Effective thermal insulation of building envelope holds a significant role in the reduction of heat gain and hence energy consumption for cooling purposes. Buildings should be insulated according to the outdoor environmental conditions and indoor thermal comfort requirements. Al-Homoud [3] presented an overview of the basic principles of thermal insulation, their performance characteristics and proper applications. It surveyed and categorized the most commonly used building insulation materials into three group viz. inorganic materials, organic materials and metallic or metalized reflective membranes. Increasing insulation thickness increases capital investment, but reduces cooling energy cost considerably. However, beyond a certain insulation thickness, the energy reduction cost will not make up for the applied insulation cost [4] and thus there must be a situation where the total expenditure on insulation and energy consumption both can be minimized over the lifespan of the insulation material. Hence, the selection of a suitable insulation material and its optimum thickness is an essential requirement. Life cycle cost (LCC) concept was utilized to optimise the insulation thickness for rock wool & polystyrene, for two typical wall structures for Israel [5] . Optimum insulation thickness (OIT), net energy cost savings was estimated and energy consumption of residential buildings was forecasted for different degree-day regions of Turkey [6] [17] . Depending on the type of fuel used, variation of OIT from 5.3 cm to 12.4 cm was observed in Turkey [18] . Reduce the heat gain and losses in building by applying OIT of thermal insulation as well as inter-relate the OIT of insulation materials for various structure wall and their orientations using an implicit finite-difference method under dynamic thermal conditions for Turkey [19] [20] [21] . In another study, Ozel and Pihtili [22] investigated the optimum location and distribution of insulation and reported that best thermal performance was obtained with one of three equal pieces insulation layers was placed in the outdoor surface of wall, the second piece in the middle and third piece was placed in the indoor surface of wall. Due to energy-efficient measures in China, it was concluded that for heating application, thick insulation assists in reduction of the energy use as well as in carbon footprint [23] [24]. Embodied CO 2 emission and impact of different insulation material on the primary energy-use was investigated for a residential apartment building in Sweden [25] . Various locations of insulation layers for building walls were studied with the aim of achieving best overall dynamic performance under OIT [26] . Thermal performance building envelopes in Saudi Arabia was compared and reported that insulation closer to the inside surface of the roof and outside to the wall have better effect on the instantaneous heat-transfer load reduction [27] [28] . Khawaja [29] utilized standard solar radiation model to generate solar radiation and calculate sol-air temperature for the city of Doha in Qatar and investigated the optimum insulation thickness taking into account of the impact of the solar energy radiation. On the basis of life cycle energy consumption, OIT of EPS insulation was obtained for residential buildings in India [30] [31] . From the literature, it is evident that for cooling applications, relatively less attention has been paid to address the benefits of building envelope insulation in Indian context. With the growing economy of India, banking sector growth has led to installation of thousands of Automatic Teller Machines (ATMs) throughout the country. These are used for cash withdrawal, account statement etc. ATMs provide 24 × 7 services as well as operate at low temperature ranges of cooling, hence have high operating energy costs. In spite of this, insulating an ATM's envelope is not a prevalent technique in India. In the present study, an effort has been made to determine the optimum insulation thickness for three different insulation materials for the typical ATM envelope in four different climatic zones of India. Life cycle savings and payback periods for various insulation materials are also evaluated. Further, these optimally insulated ATM envelopes can be integrated with grid connected rooftop solar PV (SPV) systems. The energy saving and emissions reduction potential due to these two interventions have been estimated on the national basis. Further, an attempt has been made to generate a database for architects/construction industry practitioners to select the most attractive system depending upon the climatic zone. The study also helps the government for policy making for energy conservation measures applied to building sector.
Methodology
The methodology opted to determine the most appropriate insulation material and its thickness for maximum energy saving as well as maximum economic benefits is demonstrated in Figure 1. 
Structural Composition with Insulation
India is divided into five major climatic zones: hot & dry, composite, warm & humid, moderate, and cold ( Figure 2 ). Minimum eight months of cooling is required for hot & dry, composite, and warm & humid climates. Moderate regions require around five to six months of cooling, while no cooling is required for the cold region. Cooling appliances for providing thermal comfort absorb heat transmitted to the cooling space through the building envelope, and these tend to have high electricity consumption. A survey was conducted to explore the building materials commonly used for ATM buildings. Figure  3 show the typical cross section of the external wall and roof. It was observed that the wall structure comprises fired clay bricks (FCB) with cement plaster on both sides and roof structure comprises reinforced cement concrete (RCC) sandwiched between cement plaster on both sides, with no insulation material in-between. Table 1 presents the physical and thermal characteristics of the ATM envelope and its constituents. Generally, thermal conductivity and cost of insulation material are the two main factors which should be considered for selection of insulation material. Based on the local market survey, expanded polystyrene (EPS), glass wool (GW), and rock wool (RW) are the three most commonly available insulation materials and therefore are chosen for the study. As per the local market survey, cost of insulation is found to be 4600 Indian National Rupees (Rs.)/m 3 , 5600 Rs./m 3 and 3000 Rs./m 3 for EPS, GW and RW respectively.
Average electricity cost is considered as 7 Rs./kWh with an assumed increase rate 10% and discount rate of 8%. The cooling system (air-conditioners) coefficient of performance (COP) is assumed as 3.0. The indoor design temperature is considered as 23˚C. 
Evaluation of Cooling Energy Requirement
Absorption of solar radiation by building external surface as well as temperature gradient leads to conduction heat transfer from exterior surface to interior surface. At the same time, convective heat transmission occurs between ambient air and the building exterior surfaces, also between the interior surface and indoor air of the building. Building annual energy consumption can be estimated by using degree-hours method under static conditions. By using hourly weather data, the number of cooling degree hours annually is calculated as [32] :
where, CDH is the annual cooling degree hours (˚C-hours), T sa is outside sol air temperature (˚C) and T ia is indoor design air temperature (IDT) (˚C).
Hourly temperature profile for whole year is generated using e Quest v.3.6 software based on DoE-2 [33] with international weather for energy calculation (IWEC) data as an input for the four selected climatic zones. CDH of the selected four climates are shown in Table 3 . Total annual energy consumption of cooling system per unit area of building envelope (E c , kWh) can be calculated as [32] :
where, U is the envelope overall heat transfer coefficient (W/m 2 ·K) and COP is coefficient of performance of cooling system. The difference between the overall heat transfer coefficients of un-insulated and insulated building structure is expressed as:
where, R s is the building structure resistance (either wall or roof) and h i and h e are convection heat transfer coefficient for interior and exterior surface of cooled space, respectively. k 1 , k 2 , •••, k n , are thermal conductivity of different layers of wall, and x 1 , x 2 , •••, x n , are their thicknesses respectively. R ins is the insulation thermal resistance, x is the insulation thickness (m) and k ins is the thermal conductivity of insulation material (W/mK).
Economic Analysis and Optimum Insulation Thickness
P 1 − P 2 method is utilised for calculating life-cycle cost [34] . Here, P 1 is a multiplier that establishes the present value of future energy costs. It depends upon discount rate d, electricity cost inflation rate i, and life time period N of the insulation (assumed as 10 years). The value of P 1 can be estimated as:
P 2 is the ratio of life cycle expenditures incurred owing to the additional capital investment to the preliminary investment. Elevated value of P 2 designates that the system has a low initial investment but having higher costs incurred over its life time period. It is defining as [34] :
where, M s is the ratio of the annual maintenance/repair cost to the original first cost, R v is the ratio of the resale value to the first cost. In this study, P 2 can be taken as 1 if the maintenance/repair cost and resale value is assumed to be zero. LCC of the insulation material and the energy consumption can be estimated as:
where, C e is the cost of electricity (Rs./kWh) and C i is the cost of insulation material per unit volume (Rs./m 3 ). Savings over life cycle (LCS) is the divergence between the preserved energy cost and the cost of insulation, and can be expressed as;
where, c E ∆ is the difference of annual energy consumption of cooling system of uninsulated and insulated envelope. The OIT, expressed as , opt x is obtained by minimising LCC or by maximising LCS as follows:
By setting Equation (7) equal to zero, the payback period of insulation cost N p , is expressed as:
,
Proposal for Rooftop Solar PV System
To meet the lighting and other auxiliary load demand of the ATM, grid connected roof top solar PV system is proposed. Annual electricity consumption of a typical ATM located in India is found to be 2.4 MWh on an average through energy simulation by DesignBuilder software [35] . Design Builder results are used by RETScreen simulation software [36] for sizing of rooftop solar PV system to meet the annual miscellaneous energy demand (except air-conditioning) for the ATMs. RETScreen is clean energy management software to determine the economic feasibility of the proposed solar energy system along with its environmental impact. Solar radiation and ambient temperature for the four different climatic zones are obtained from RETScreen international database based on ground monitoring station and NASA's global satellite database [36] . The installation cost of the proposed rooftop solar PV system is estimated as Rs. 191880 [37] . Technical specifications of roof top solar PV system as well as the data (installation costs and financial parameters) required for the economic analysis are depicted in Table 2 . The SPV panel is tilted at an angle of local latitude with the horizontal and facing south for collecting maximum solar insolation throughout the year.
In India, around 65% [38] of power generation is from fossil fuel based thermal power plants. The average intensity of GHG emissions from grid electricity in India is considered as 1.186 tCO 2 /MWh [36] for all fuel types and transmission and distribution losses are taken as 23.04% [39] . Hence, the GHG emission reduction (tonnes/year) through insulation is calculated as follows: The additional CO 2 emission reduction by using solar PV systems has also been evaluated as in the case of insulation.
Results and Discussion
Using the methodology outlined above, various parameters i.e. OIT, LCS and payback (Pb) period for three different insulation materials (EPS, GW & RW) have been evaluated for four different climatic zones of India, where cooling is required. Further these optimum insulation thicknesses are used to determine the energy saving potential of isolated bank ATM's throughout the country. Figure 4 demonstrate the variation of the annual fuel consumption cost and cost of insulation against wall insulation thickness of EPS insulation material for hot and humid climate at 23˚C indoor design temperature. It has been noted that increasing the insulation thickness will bring about a continual reduction in fuel cost and in addition straight increment in insulation cost. Whole of fuel cost and expense of included insulation material will render life cycle cost. The insulation thickness value at minimum life cycle cost is taken as the optimum insulation thickness (OIT). Table 3 depicts the values of OIT, LCS and Pb of wall and roof for the selected climatic zones at 23˚C indoor design temperature. For a given insulation material, increase in CDH results in increase in OIT as it is directly proportional to half order power of CDH. LCS will also follow the same trend with CDH. Insulation having maximum LCS will result in minimum payback period.
Out of the three insulation material analysed, RW insulation holds the maximum OIT values and minimum payback period while GW insulation has minimum OIT and maximum payback period. EPS insulation falls in between. With reference to Equation (8) , it is observed that the OIT is directly proportional to the square root of thermal conductivity of insulation and inversely proportional to the square root of insulation cost. Further, as the thermal resistance of roof structure is lower than the wall structure, therefore OIT for roof is found more than wall structure. As per the Reserve Bank of India estimates, the total number of ATMs spread throughout the country is 189189 [40] . Generally an ATM comprises cash dispensing machine placed in a 3 × 3 × 3.5 m air conditioned room. ATMs provide 24 × 7 services as well as operate at low temperature ranges of cooling, hence have high energy bill. Insulating the ATM's envelope is not a popular technique in India. Therefore the potential of total energy savings by insulating ATMs has been evaluated on a national basis. Figure 5 shows an ATM and its simulation model. A dynamic energy simulation tool DesignBuilder [35] is used for the energy simulation. It has a comprehensive user interface for EnergyPlus dynamic thermal simulation engine and generates building annual energy performance data utilising hourly weather files of ISHRAE. Table 4 depicts the values of cooling energy consumption of un-insulated and insulated ATMs along with their annual savings. Among the three investigated insulation materials the maximum energy reduction and savings are obtained for RW insulation. Out of the four climatic zones, three of them have almost same energy saving potential while moderate zone falls on a relatively lower side. Annual economic benefits are found maximum for RW insulation while GW has minimum and EPS falls in between. Assuming uniform distribution of ATM's through the four climate zones of the country, the total life cycle savings would be of the order of approximately Rs. 8600 million Figure 5 . Some real ATM snaps and the simulated model.
over the 10 year lifespan of insulation material. Carbon reduction potential for the three insulation materials is also estimated and is shown in Table 4 . It is found that average carbon emission mitigation of 1.4 million tCO 2 is possible from insulating the ATMs across the country in ten years. From RETScreen simulations it is observed that the on-site energy generated by rooftop PV system will fulfil the ATM energy demand (except air conditioning) for all the climatic zones. The annual power generation by the proposed SPV system is depicted in Table 5 . The surplus energy generated by the renewable system can be transferred to the national grid which will provide some addition economic benefits. The annual power generation through the rooftop solar PV system ranges from 2.4 to 2.8 MWh depending upon climatic zones. Maximum power generation is obtained for hot & dry zone while hot and humid climate zone have the minimum power generation.
Results show that the payback period for the proposed SPV system varies from 7.0 to 7.5 years depending on the climatic zone. It is observed that hot and dry climate provides the lowest payback period and maximum annual saving, while hot and humid regions have the maximum payback and lowest annual savings. Altogether in the four selected climate zones, average life cycle savings due to rooftop solar PV installation is approximately Rs. 54200 million in a period of 20 years. Further, on a national basis, total carbon reduction potential is nearly 9.2 million tCO 2 over a 20 year time period.
Conclusions
The results indicate that OIT and LCS largely depend on the type of insulation, indoor design temperature, and outside climatic conditions. It is observed that OIT ranges from 0.025 m to 0.06 m for external wall and 0.034 m to 0.069 m for roof and payback period for optimum insulation thickness ranges from 2.7 to 4.9 years for wall and 1.7 to 3.0 years for roof depending on the insulation material, climatic zone and the indoor design temperature. Payback period for rooftop solar PV system ranges from 7.0 to 7.5 years for different climatic zones. The energy savings range from 17% -30%, based on the insulation material and the climatic zone. From the present study, it is concluded that the selection of an appropriate insulation material with optimum thickness for ATMs is expected to provide significant economic and environmental benefits. These benefits are further increased if solar PV systems are installed to partially meet the ATM electricity requirements. On a national basis, the combined economic benefit of the two systems (insulation and solar PV) is approximately Rs. 3570 million on an annual basis. Further, the total carbon reduction potential is approximately 0.6 million tCO 2 on an annual basis. From this study, it is observed that properly insulated ATMs integrated with rooftop solar PV systems in India, can significantly reduce the energy costs as well as carbon emissions. Such an initiative can contribute to reducing the carbon intensity of the Indian economy, and help fulfill its recent commitment to the COP-21 climate change agreement in Paris.
